Abstract. We present UBVI absolute and V-band time-series CCD photometric results for the intermediate-age open cluster NGC 2539. From the empirical zero-age main sequence and theoretical isochrone fitting in color-color and color-magnitude diagrams, we estimated the physical parameters of this cluster as follows: the color excess of E(B − V) = 0.06 ± 0.03, the distance modulus of (V − M V ) 0 = 10.2 ± 0.1 and the age of log t = 8.8 (∼630 Myr). By carefully examining the time-series images, we discovered seven new variable stars in the observed cluster field. Considering the light curves, periods and positions on the color-magnitude diagram, we classified them as five eclipsing binary stars, one δ Scuti star and one γ Doradus candidate. The γ Doradus candidate might not be a cluster member because it is located redder by about ∆(B − V) = 0.2 than the cool edge of γ Doradus instability strip.
Introduction
δ Scuti and γ Doradus type pulsating stars are very important objects for the investigation of the internal structure and evolution theory of intermediate-mass stars from the asteroseismological approach (see Breger 2000 and Zerbi 2000 for recent reviews). δ Scuti stars are main sequence stars of spectral types from A3 to F0, having short pulsational periods of 0.02 to 0.3 day and solar metal abundance. They lie on or above the main sequence facing on an extension of Cepheid instability strip in the Hertzsprung-Russell diagram. Their pulsational characteristics show slight differences according to their evolution stages (Breger 1991) . Stars in the hydrogen shell burning stage have generally one or two periods with pure radial modes and high amplitudes of more than 0. m 1. In comparison with these high amplitude δ Scuti stars (so called, HADS), stars in the hydrogen core burning stage near the zero-age main sequence have multi-frequencies with radial modes as well as non-radial ones and small amplitudes of several millimagnitude.
γ Doradus stars are early F-type main sequence or subgiant stars which have longer periods of 0.4∼3.0 day than that of δ Scuti stars and amplitudes of less than 0. m 1 in V-band. Although the variability of γ Doradus itself was discovered about 40 years ago by Cousins & Warren (1963) , γ Doradus type stars have been only recently classified as a new type of pulsating variable. The reason is that only a few stars with similar characteristics have been known and their variability was not understood theoretically until a few years ago. They are located around the cool edge of δ Scuti instability strip (Kaye et al. 1999) . Based on the Hipparcos photometry data, Handler (1999) defined the γ Doradus instability strip as ranges of 7200∼7700 K on the zero-age main sequence and of 6900∼7500 K with one magnitude brighter than it. They are thought to be excited in high-order (n) low-degree (l) non-radial gravity-modes.
A number of pulsating stars such as δ Scuti, γ Doradus, β Cephei and slowly pulsating B-type stars were found in young-or intermediate-age open clusters. Frandsen & Arentoft (1998) discovered seven δ Scuti stars in NGC 1817 and Freyhammer et al. (2001) found 13 δ Scuti stars in the central field of NGC 7062. Especially, Arentoft et al. (2001) detected 17 new variable stars in NGC 6231, including three δ Scuti stars, three γ Doradus star candidates, three slowly pulsating B-type star candidates and two β Cephei stars. One very good recent review article for this topic is the paper by Rodríguez & Breger (2001) . Using δ Scuti stars in open clusters, Suarez et al. (2002) investigated correlation between the oscillation amplitudes and stellar parameters of δ Scuti stars.
This study is part of the photometric survey of variable stars in open clusters, which has been carried out at the Bohyunsan Optical Astronomy Observatory (BOAO) in Korea. General descriptions and the most recent results for the survey are given in Kim et al. (2001a, b • 50 ) at the constellation Puppis in the southern sky. This cluster is classified as II 1 m type (Ruprecht 1966) , in which stars are moderately concentrated. The cluster is appropriate for our less-wide CCD camera. It has a lot of A ∼ F type main sequence stars which are thought to be δ Scuti and γ Doradus candidates. The observations and data reduction are described in Sect. 2. We present physical parameters of this cluster and properties of newly detected variable stars in Sect. 3.
Observations and data reduction
The observations were performed for ten nights between February and March, 2000 Landolt (1973) were also observed.
We performed time-series photometry to search for variable stars in this cluster. A total of 581 time-series CCD frames were obtained with the V filter. The typical photometric seeing (FWHM) was about 2. 0. Exposure times were adjusted in a range from 18 to 30 s, depending on seeing and transparency. In order to minimize position-dependent external errors (Frandsen et al. 1989 ), we carefully controlled the telescope by locating a star at the same position in the CCD frames during our observing run. Figure 1 represents the observed CCD field of NGC 2539 and the detailed observation log is listed in Table 1 .
All CCD images were preprocessed to correct overscan, trim unreliable and useless regions, subtract bias frames, correct flat fielding and reject cosmic rays using the IRAF/CCDRED package. Then, we obtained instrumental magnitudes of stars from the empirical point spread function fitting method of the IRAF/DAOPHOT package (Massey & Davis 1992) . After taking into account the differences of aperture radii between standard stars (∼7 ) and stars in the dense cluster area (1 FWHM), we derived the following standard transformation equations: where U, B, V and I are standard magnitudes, and u, b, v and i are instrumental magnitudes. The airmass is denoted as X. Quantum efficiency of the BOAO CCD camera is sharply declined in U filter, resulting in large photometric errors and large dispersions near (U − B) = 0.0. Therefore, we used the color term (B − V) instead of (U − B) in the transformation equation for U filter (Sung et al. 2001) .
We obtained standard magnitudes and colors of stars in the observed field of NGC 2539 from the above equations, Fig. 2 . Magnitude and color differences between our photometric results and the previous data by Lapasset et al. (2000) . and compared our UBVI CCD photometric results with the previous photoelectric data; by Pesch (1961) , ∆V P1961−OURS = +0.028 ± 0.050, ∆(B − V) P1961−OURS = +0.019 ± 0.037 and ∆(U − B) P1961−OURS = +0.004 ± 0.033, by Joshi & Sagar (1986) , ∆V JS1986−OURS = +0.045±0.065, ∆(B−V) JS1986−OURS = +0.000 ± 0.055 and ∆(U − B) JS1986−OURS = −0.034 ± 0.021, by Lapasset et al. (2000) , ∆V L2000−OURS = +0.044 ± 0.043, ∆(B−V) L2000−OURS = +0.003±0.047 and ∆(U −B) L2000−OURS = +0.020 ± 0.062 (Fig. 2) . Our V magnitudes are a little brighter by about −0.035 than the previous results, but our color indices are in good agreement with them.
For standardization of time-series images, we adopted an ensemble normalization technique (Gilliland & Brown 1988) . To begin with, we chose tens of normalization stars which are bright and unsaturated stars from 11 mag to 13 mag, except for peculiar stars such as variables or stars near the CCD edge. The coefficients in the following equation were derived for each time-series frame:
where V and v are the standard and the instrumental magnitudes of normalization stars, respectively. X and Y denote the position of a star in the CCD frame. a 1 and a 2 are the zero point and the color coefficients, a 3 and a 4 the position coefficients of X-and Y-axis. The coefficients depend on the atmospheric extinction and the instrumental condition of each night. Then, we obtained standard magnitudes of all stars in each time-series frame using the above equation.
Results

Physical parameters of NGC 2539
We present the color-color diagram (Fig. 3) and the colormagnitude diagrams (Fig. 4) from the UBVI photometric data. Sung & Bessell (1999) , respectively. Open circles: cluster members, star symbols: spectroscopic binaries and crosses: non-members, classified by Joshi & Sagar (1986) , Clariá & Lapasset (1986) and Mermilliod & Mayor (1989) . Dots are stars with unknown membership. Sung & Bessell (1999) . Thin and dashed lines represent the theoretical isochrones for Z = 0.019 by Girardi et al. (2000) . From upper to the lower, the isochrones represent log t(yr) = 8.7, 8.8 and 8.9, respectively. Symbols are the same as in Fig. 3 .
In order to determine more accurate physical parameters of this cluster, we used cluster members with high priorities. Joshi & Sagar (1986) identified cluster members based on their positions in the color-color and color-magnitude diagrams and their spatial distributions in the sky. Clariá & Lapasset (1986) judged memberships of a few red giants by examining interstellar extinctions and luminosity classes, and Mermilliod & Mayor (1989) by measuring radial velocities. We estimated the interstellar reddening value E(B − V) = 0.06 ± 0.03 from the empirical zero-age main sequence fitting in the color-color diagram, with the assumption of E(U − B)/E(B − V) = 0.72. Another reddening value E(V − I) = 0.08 ± 0.03 was calculated by the adoption of E(V −I)/E(B−V) = 1.25 (Dean et al. 1978) . Fig. 3 denote the unreddened and reddened zero-age main sequences by Sung & Bessell (1999) for solar metal abundance.
Solid and dashed lines in
We determined the distance modulus of (V − M V ) 0 = 10.2 ± 0.1 and the cluster age of log t(yr) = 8.8 from the zero-age main sequence and theoretical isochrone fitting in two color-magnitude diagrams of (B − V) vs. V and (V − I) vs. V as shown in Fig. 4 . We assumed the total extinction value of A V = 3.1 × E(B − V) and made use of the theoretical isochrones with Z = 0.019 calculated by Girardi et al. (2000) .
In Table 2 , we compare our results with the previous ones. Our values are generally similar to other ones; especially they are in good agreement with the recent values by Lapasset et al. (2000) .
Variable stars in NGC 2539
We examined light variations of 583 stars using a total of 581 time-series CCD frames. Seven new variable stars were discovered. Position of variable stars, which are arbitrarily labeled from V1 to V7, are marked as open circles in Fig. 1 . Two of them, V1 and V2, were identified as pulsating stars from their light curves. We estimated pulsating periods of V1 using the multiple frequency analysis by Kim & Lee (1996) . Figures 5 and 6 show the power spectra and light curves of V1, respectively. From the bottom panel of Fig. 5 , we detected a pulsation frequency of f 1 = 18.032 cycles/day (0.055 day). Another frequency of f 2 = 0.240 cycles/day seems to be caused by daily variations, maybe the flat-field problem of our observation system (Sung et al. 2001) ; this might be the reason that a little large dispersions are shown in phase diagrams of V2 ∼ V7 (Fig. 7) . The period of another pulsating variable V2 was determined to be 0.
d 352 from the phase-match technique. Its light curve is shown in Fig. 7 together with five eclipsing binary stars from V3 to V7. Positions of two pulsating variables in the color-magnitude diagram are marked by star symbols in Fig. 8 . Considering the positions, pulsating periods and amplitudes, we classify V1 as a δ Scuti star and V2 as a γ Doradus star. But it should be noted that V2 might be a field star having larger reddening value of ∆E(B − V) ≥ 0.2 than the cluster members, because this star is cooler and fainter than the cool edge of γ Doradus instability strip (Handler 1999) .
The light curves of five eclipsing binary stars V3∼V7 are shown in Fig. 7 . These stars are represented by open circles in the color-magnitude diagram of Fig. 8. V5 shows the primary and secondary minima which are clearly discernible in spite of large dispersions of data points in the out-of-eclipse phase. Considering the position of V6 in the color-magnitude diagram, we think that V6 is a field star, as Clariá & Lapasset (1986) insisted. Basic parameters of seven new variable stars are summarized in Table 3 .
Until a few years ago, γ Doradus stars were considered to be young objects from the fact that they were discovered in several open clusters with ages less than 250 Myr such as NGC 2516 (age ∼ 137 Myr, Zerbi et al. 1998 ), M 34 (age ∼ 250 Myr, Krisciunas & Patten 1999 ), M 45 (age ∼ 74 Myr, Martín & Rodríguez 2000 and NGC 2301 (age ∼ 250 Myr, Kim et al. 2001b) . No γ Doradus candidates were detected in the Hyades cluster with age of about 600 Myr (Krisciunas et al. 1995) . Our result, no γ Doradus stars in NGC 2539 with the cluster age of 630 Myr, is consistent with this suggestion by Krisciunas & Patten (1999) . However, recent photometric survey discovered a few γ Doradus Joshi & Sagar (1986) 0.08 ± 0.02 10.1 ± 0.3 5 . 4 - Lapasset et al. (2000) 0.06 10.42 6.3 -Our study 0.06 ± 0.03 10.2 ± 0.1 6 . 3 - Fig. 7 . Light curves of V2 to V7. Data points are differently marked for each observing night. Mean error bars are shown at the left bottom in each panel. Sung & Bessell (1999) . The thick dotted and solid bars indicate δ Scuti (Breger 1979 ) and γ Doradus instability strip (Handler 1999 
Summary
By performing the UBVI CCD photometry of the open cluster NGC 2539, we derived a reddening value E(B − V) = 0.06 ± 0.03, a distance modulus (V − M V ) 0 = 10.2 ± 0.1 and an age log t = 8.8 (∼630 Myr). Seven new variable stars were discovered from the time-series observations in V-band. We classify five of them as eclipsing binary stars, one as a δ Scuti star and one as a possible field γ Doradus star. At present, it might be difficult to make clear what physical parameters such as age (Krisciunas & Patten 1999) or metallicity (Handler 1999) 
